INTRODUCTION
The mechanisms of chemical reactions in energetic solids have come under intense study in recent years. Advances in theory and simulation have provided models for the dynamics of reaction initiation, propagation, and termination, with important insights into the disposition of energy among collective and molecular vibrations and electronic degrees of freedom. Unfortunately, there is scant direct experimental guidance for and testing of the models. Most spectroscopy of real energetic materials and their chemical intermediates is done at very low temperatures [I] , where the lifetimes of metastable species may become long, on nanosecond or slower time scales [2]. However, under ordinary conditions, many of the initial energy transfer and chemical events which may lead to detonation take place on femtosecond and picosecond time scales. According to differing models [3] , these fast events may include transfer ("uppumping") of lattice vibrational energy to molecular vibrational or electronic degrees of freedom and early chemical events such as breaking (and in some cases forming) of covalent molecular bonds.
The experimental capabilities for femtosecond time-resolved spectroscopy of chemical reactions in gas and liquid phases are now well developed. Several femtosecond time-resolved measurements of reversible solid-state reactions, such as excimer formation in organic molecular crystals, have been reported. However, irreversible solid-state chemistry of the type occurring in energetic materials and many other reactive solids has never before been examined directly in the time domain. This has led to a dearth of experimental information about solid-state chemical reaction dynamics. The experimental difficulty presented by solid-state photochemistry is the buildup of reaction products which cannot be flowed or otherwise conveniently removed from the region of optical observation. In contrast, gases and liquids can be easily flowed so that there is a continual replenishing of the irradiated volume with fresh sample material. As a result, the reaction products produced by the excitation pulse do not remain Dresent to contribute to signal after successive excitations. In hot ore active crystals, the accumulation of reaction products can significantly influence measurements even after only a few excitations (sometimes just one excitation shot), and in many cases the irradiated region of the crystal cracks and even decomposes after a modest number of shots.
To circumvent these problems, we have developed an experimental methodology which permits femtosecond time-resolved measurements to be completed in a single laser shot. This capability is acquired easily on slower time scales, where an excitation pulse can be followed by a cw or quasi-cw probe beam whose time-dependent transmission through the sample may be resolved by a streak camera (picosecond time scales) or a wide-bandwidth osciIloscope (nanosecond time scales). There are no electronic components or data acquisition devices which can operate on femtosecond time scales, and so the method we have developed is all optical in nature. Here we present a description of the method and preliminary data from a molecular liquid and a photoreactive organic molecular crystal.
SINGLE-SHOT FEMTOSECOND PUMP-PROBE SPECTROSCOPY
In conventional pump-probe spectroscopy, two focussed laser beams are crossed in a sample; one beam acts as the excitation ("pump") pulse and the other as the probe pulse. In order to scan the temporal response of the sample, the time at which the probe pulse arrives at the sample can be varied with respect to the pump pulse by varying the distance the probe pulse must travel before arriving at the sample. This method, though, requires multiple pump-probe cycles in order to acquire a complete set of data points covering the desired temporal range. Each pump-probe cycle provides only one point on the time axis.This is clearly unacceptable when examining an irreversibly photoreactive solid.
Our single-shot technique, in contrast to the conventional pump-probe experiment which retrieves the array of temporal data points with an array of variably delayed probe pulses, each of which follows a different excitation pulse, retrieves the temporal information with a single cylindrically focussed probe pulse. The approach [4] is illustrated in Fig. 1 . In this method, both the pump and probe beams are cylindrically focussed such that they overlap with each other along a line at the sample. In addition, the beams are arranged such that they overlap at a substantial angle (typically about 2 5 O ) relative to each other. As illustrated in the Fig. 1 , the pump pulse wavefront may arrive normal to the sample so that the entire irradiated region is excited simultaneously. Since the probe pulse is incident on the sample at a substantial angle away from the normal, different regions of the probe pulse amve at the sample at different delay times relative to the excitation pulse. Consequently, the different parts of the probe beam are able to retrieve information about the sample's temporal response at different times. A CCD array detector is then used to measure the spatially encoded temporal response by measuring the intensity of the transmitted probe pulse along the cylindrically focussed line. Figuratively, the CCD array spatially resolves the single beam into an apparent array of probe pulses. Each element in the CCD array conveys a data point at a distinct time delay relative to the excitation pulse, and all the elements in the array together describe the response of the sample over an extended temporal range. 
REAL-TIME OBSERVATIONS O F MOLECULAR VIBRATIONS I N LIQUID

SOLUTIONS
To demonstrate the single-shot technique, we first examined the relaxation dynamics of ethyl violet in methanol which has been already studied by conventional pump-probe spectroscopy [ 5 ] . The laser system used to conduct this experiment has been described in detail in an earlier publication [6] . Briefly, the femtosecond excitation and probe pulses at 620nm were generated by a sync pumped antiresonant ring dye laser which was pumped by the frequency-doubled output of a mode-locked Nd:YAG laser. The dye laser output was amplified in a three-stage amplifier chain which was pumped by a Nd:YAG regenerative amplifier. A mechanical chopper was used to reduce the pulse repetition such that the shutter on the CCD was able to sample only one pulse. The pulse width of the pump and probe was measured to be. 72fs.
From the earlier study done by conventional pump-probe spectroscopy, it was found that with a sufficiently short pulse, ethyl violet dye exhibits a 155-fs oscillation. When the dye molecule is excited, the phenyl groups in the dye molecule rotate to a new conformation in the excited state. It is believed that the observed oscillations reflect coherent vibrational motion of the dye molecules which occurs in the electronic excited state reached through optical absorption. Encouragingly, the oscillations in Fig. 2 were found to match the vibrational period measured by conventional femtosecond pump-probe spectroscopy. Furthermore, the signal-to-noise ratio between scans from a single-shot data set and from a 25-shot data set were not significantly different.
PRELIMINARY RESULTS FROM A PHOTOREACTIVE CRYSTALLINE SOLID
Encouraged by the liquid-state results, we began a study of the photoreactivity of a molecular crystal, 2,5-distyrylpyrazine (DSP). DSP is a diolefin which undergoes [2+2] photoaddition at both olefinic positions when irradiated with UV light (Fig. 3) [7, 8] . DSP crystal structure plays an important role in dictating its reactivity. It is known that DSP crystallizes in two crystallographic forms, one is photoreactive while the other is photostable. The reactivity difference was attributed to the different molecular packing in the two polymorphs. When the photoreactive DSP crystal is irradiated with light of wavelength longer than about 400nm, it forms oligomers with an average length of three monomer units. When it is further irradiated with light below 400 nm, the oligomers will polymerize.
While extensive studies have been done on DSP in the crystalline state [8] , no ultrafast time-resolved study has been performed. In our experiment, we used a mode-locked titaniumxapphire laser (Coherent) pumped by an argon-ion laser (Coherent). The pulses from that laser were amplified through chirped-pulse amplification by a home-built regenerative amplifier [9] pumped by a home-built Q-switched inrracavityfrequency-doubled Nd:YAG laser. The amplified output at 810nm was used as the probe pulse, and the frequency-doubled light at 405nm was used as the excitation pulse. The pulsewidth was typically 150fs.
The data collected from DSP in solution (chloroform) using the single-shot technique were found to be congruent to the data collected using the conventional pump-probe technique (Fig. 4) . In the crystal, the almost parallel plane-to-plane stacking of the molecules should predispose it toward faster reaction than in solution. Surprisingly, it was found (Fig. 5 ) that the temporal response of DSP in crystalline form was identical to the temporal response of the molecule in solution in the 2-ps temporal range examined. In view of the high photochemical quantum yield of DSP [lo], the primary pathway for population decay from the excited state should come from photoaddition and not from radiative or non-radiative energy transfer. Assuming the signal decay is proportional to the decay of the excited-state population from reaction, it appears, from the absence of any signal decay, that DSP does not react within the f i s t 2ps of irradiation. When crystalline DSP is excited by light of wavelengths longer than 400nm, two transitions, K* t x and K* t n, are both excited. The non-bonding electron in the nitrogen from the pyrazine ring is excited in the K* c n transition while the electron in the highest occupied x molecular obital is excited by the X* t K transition. It is believed that the exciton formed from the a* c n transition, which is localized and shows strong exciton-phonon coupling, helps to trap the delocalized exciton from the a* t a transition and thereby facilitate the photoaddition at the double bonds on the styryl moiety [ll] . In solution, photodimerization is expected to be slow since monomers must encounter each other to react. In the crystal, reaction might have been expected to occur on a faster time scale. There are at least two possible reasons why this reaction doesn't happen on a femtosecond time scale. First, localization of the initially excited exciton state may take longer than 2 ps. Second, even if the trapping process does occur quickly, it is possible that there is a potential energy bamer to molecular motion along the reaction pathway from the initial configuration to a higher-energy transition state and finally to the product. Further experiments are under way to gain a deeper understanding of the DSP system. It is noteworthy as a demonstration of experimental capabilities that the irradiated regions of this material not only have a buildup of reaction product but undergo mechanical shattering and decomposition after just a few seconds of irradition at a 1-KHz repetition rate. This illustrates graphically the need for a single-shot experimental approach.
OUTLOOK
The study of ultrafast reaction dynamics in energetic solids requires single-shot experimental methods. We have demonstrated a suitable approach through measurements of liquid-state molecular vibrations and preliminary measurements of the short-time behavior of a photoreactive solid. Experiments on energetic materials are now in preparation. Measurements of solid-state chemical reaction dynamics promise to offer fundamental insight into the effects of the nonreactive surroundings in any phase. In energetic materials, the crucial effects of the surroundings in mediating energy exchange among reactive and nonreactive channels will be opened up for study through direct time-resolved observation of reaction dynamics and energy relaxation processes.
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Rulli$re -Nelson : Q : Gaussian beam shape leads to an inhomogeneous repartition of the excited state population. In single shot technics, this inhomogeneous repartition can lead to under/overestimation of the measured rates. How do you manage this problem ? A : We examine the probe beam spatial profile very carefully on a single-shot basis, using a "reference" beam which reaches our CCD detector just like the transmitted "probe" beam.
Separately, we examine the excitation pulse spatial profile -usually averaged over several shots. In practize we can now work with precision of about 0.1%. Ultimately our ability to measure small changes in the sample's absorption (i.e. small changes in probe transmission) is limited by how precisely we can characterize the beam profiles. Q : With large spectral range probe beams it is very difficult to avoid the "chirp" problem. It means that along the beam diameter of the excitation beam, you will not have, for a given position, the same time reference for all wavelengths. How do you take into account this problem ? A : In proposed experiments we will resolve both time and frequency, yielding a broadband absorption spectrum as a function of time in a simple shot. In this case "chirp", in which for example the redder part of the pulse arrives at the sample before the bluer part, presents a problem. Of course, as much as possible we'll eliminate chirp so that each part of the pulse has the same spectrum. But in any event, we must still use a "reference" pulse which, like the transmitted probe pulses is displayed in two dimensions (one for time and one for wavelength) on the CCD. In this manner we can correct for any chirp. As in the current 1-dimensional case (a "line" is displayed on the CCD, different points corresponding to different times), our precision will depend on how well we can characterize the reference beam and normalize the signal beam.
Melius -Nelson :
Q : Is it possible to use your multi-pulse Raman pumping to do state-selected intramolecular vibrational excitation (e.g. a C-H stretch or an 0-H stretch) ?
A : Using ISRS as the excitation mechanism, no -because the frequency is too high. The pulse duration has to be short compared to one vibrational cycles and that would mean just a few femtosecond in this case. But it is possible to convert visible fs pulses to IR fs pulses. These can drive polar modes directly, an IR pulse sequences can be made. In this way it may be possible to drive large OH amplitudes, for example.
Dufort -Nelson :
Q :What are the devices used to achieve wavelength conversion in your IR experiments ? A : A difference-frequency mixing crystal can be used to convert a visible femtosecond pulse to an IR femtosecond pulse. If the IR pulse duration is too long then another (sum) frequency mixing crystal can be used to go back to the visible. This mixer can be gated by an ultrashort visible pulse to preserve good time resolution.
Q : What are the methods today -on a theoretical point of view -to investigate what will be the shifts of the vibration modes of the molecules under extreme conditions of pressure or (and) temperature of the detonation processes ? A : At static pressure, nor in real shock wave, it requires expertise but it is doable. To do it under shock loading requires extraordinary expertise and experimental apparatus that Dr Gupta would be able to do. Q : In the reactive zone to analyse process of decomposition, among different patterns knowledge of the evolution of vibrational molecules is needed. How to do ? A : Real spectroscopy in the reaction zone, we have not already a good solution.
Bratos : Comment In extreme conditions of high temperature and pression, the vibrational normal mode is no more a useful concept. Moreover, the distribution of vibrational modes is quasi continuous. In these conditions, the analytical treatments are particularly difficult, and numerical methods seem appropriate.
Dremin : We study shock energy transfer to molecules. Shock excitation is not the same process than laser excitation. Under compression, even through a weak shock, EMS behaves like a liquid, and from an energetic point of view like a chaos. Is it possible to use the phonon concept for this state of the material ? About chemical reactions, we are interested with the very very beginning of chemical change, shock mechanical energy transfer to EM. How does it proceed ? Kondrikov -Nelson : Q : Using one shot excitation you obtain a vibrational mode of a bond in the molecule, and the amplitude of the vibration is about 1-100 fm, essentially harmonic approximation. When you use your mechanism of midtisteps excitation, the amplitude enhences in 103-104 times, and consequently you can include into the move all the neighboring molecules, so you transfer another vibrational, and breaking process. Am I right ? A : First a clarification. Our "single-shot" method is for detection, not excitation. It allows us to do experiments on irreversible events in crystals without wanying about the effects of permanent change on the "next" laser shot, which never comes. It's separate from ISRS excitation of lattice phonons, using single or mutiple pulses. Concerning ISRS excitation, if we can reach large amplitudes we will certainly reach the anharmonic region with increased mode-mode coupling. The issue isn't coupling between one molecule and the others, since we are mainly concerned with collective (optic phonon) modes anyway, but coupling among different optic phonon and also molecular (vibron) modes. There are important non linear lattice dvnamics effects that need to be considered, so that our optimum pulse sequence probably will not consist simply of evenly spaced pulses as in the harmonic limit. I think that pulse sequences will provide a factor of more than 10 on vibrational amplitude in many cases (resonance enhancement and higher pulse intensities that are possible on a single-shot basis will also help). With all this we should reach the 0.1-0. A : Thank you for this opportunity. Rousseau was the father of modern Romantism, what essentially defines modern-day personality in the west. Unfortunately, he is also remembered for his proposal that man is inherently good and evil acts are due only to corrupting influences of society. This neglects deep-rooted anxiety and turbulence inherent in human character, in my view.
The Marquis de Sade opposed this view by celebrating man's darker nature -the inevitable progression from Romantism to Decadence. Foucault, Lacan et al. built on Rousseau's weak premises adding the central idea that all experience is constituted by language. This further disregards the complexity, turbulence and possibility for heroic struggle against the self that pervades human subconscious and conscious in my view. 
MOLECULAR MECHANISMS OF ENERGY TRANSFER IN EMS
